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Abstract
Axons of olfactory receptor cells (ORCs) grow from the olfactory epithelium
(OE) to the olfactory bulb (OB), where they travel through the olfactory nerve layer
(ONL) of the OB, reorganize extensively, and innervate specific synaptic targets in the
glomeruli. Within the ONL a unique population of glial cells, the olfactory ensheathing
cells (OECs), surround ORC axon fascicles and accompany them to the OB. To better
understand the relationship between the OECs and the axon fascicles in the ONL of the
adult mouse, we used confocal microscopy and antibodies to the low affinity nerve
growth factor receptor p75 (p75), glial fibrillary acidic protein (GFAP), and S-100 to
identify glia and olfactory marker protein (OMP) and neuronal cell adhesion molecule
(NCAM) to identify ORC. Electron microscopy characterized the ONL ultrastructure.
We found that glial processes, in particular those of the OECs, were not uniformly
distributed in the ONL. The p75+ OEC processes were largely restricted to the olfactory
nerve and the outer ONL sublamina, and oriented parallel to the plane of the OB layers.
GFAP+ processes were largely restricted to the inner ONL sublamina, the ONL/GL
boundary, and the GL, where they delineated loosely aggregated axon fascicles that
entered the glomeruli obliquely. S-100+ processes and somata were broadly distributed
throughout the ONL; the outer and inner ONL were equivalent in their S-100 staining.
Ultrastructural studies supported our immunocytochemical findings suggesting a
sublaminar ONL organization. Our data suggest that the differential organization of the
ONL may subserve distinct functions; axonal extension may occur predominately in the
outermost ONL while glomerular targeting occurs in the the inner sublamina of the ONL.
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Introduction
The Olfactory System: An Overview
The olfactory system is a sensory modality that plays an important role in animal
survival. Animals have the remarkable ability to distinguish among a wide variety of
different odors, allowing the sense of smell to greatly influence factors such as food
selection, emotional responses, reproduction, neuroendocrine regulation, and the
recognition of other similar or divergent species. The process of detecting odor
molecules, of converting the encoded information into signals that are transmitted to the
brain, and then of interpreting the information and making sense of what it means is
certainly an intricate and complex task. It is thus not surprising that the relay of olfactory
information begins with a highly organized circuitry.
Odor transduction occurs when odorant molecules are detected by the cilia that
extend from the apical dendritic tufts of the olfactory receptor cells (ORCs), the firstorder neurons that represent the primary afferents that form the sensory input of the
olfactory system. These ORCs are located in the olfactory epithelium within the nasal
cavity, and are considered true neurons despite being able to generate throughout life and
being exposed to the external environment. Each ORC then basally sends an axon that
projects toward the central nervous system. The ORC axons bundle together to form
groups of axons called fascicles or mesaxons within the olfactory nerve (ON), and they
pass through the cribiform plate of the ethmoid bone to enter the olfactory bulb (OB).
The paired OBs, which are outgrowths of the forebrain, are laminated structures with
distinct cell types. As the ORC axons enter the first lamina of the OB, the olfactory
nerve layer (ONL), the axons reorganize extensively from spatially-specific fascicles into
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functionally-specific fascicles. They then converge onto specific subsets of neuropil
called glomeruli, where they make synaptic connections with various higher-order
neurons: the mitral and tufted cells which are projection neurons that extend axons to the
olfactory cortex, and the periglomerular cells which are local circuit intemeurons.
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Figure 1: An overview of the olfactory system circuitry. Input is received from the
olfactory receptor cells in the olfactory epithelium, which project to the olfactory bulb.
There, within the glomeruli, they synapse with periglomerular cells, mitral cells, and
tufted cells. The olfactory bulb consists of distinct laminae, and each layer has its unique
cell types. The output is carried by the mitral and tufted cell axons, which project to the
olfactory cortex. Note that the olfactory epithelium is organized into four overlapping
and distinct spatial zones (a-d, x-z). Each zone is made up of a population of olfactory
receptor cells that express a distinct set of olfactory receptors that project to the same
individual glomeruli. Abbreviations: AOB, accessory olfactory bulb; c.f., centrifugal
fiber; Gd, deep granule cell; Gs, superficial granule cell; M, mitral cell; OSN, olfactory
receptor cell; P, periglomerular cell; r.c., recurrent collateral; T, tufted cell. (From
Shepherd and Greer, 1997)
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Olfactory Ensheathing Cells
The mammalian olfactory system is an excellent model for studying mechanisms
underlying axon targeting and guidance. As the ORCs generate throughout life and their
axons continue to travel to the OB, the axons continue to be able to reorganize in the
ONL into glomeruli-specific fascicles to innervate their normal synaptic targets in the
glomeruli. (Graziadei and Monti Graziadei, 1978a,b; Monti Graziadei and Graziadei,
1979; Mackay-Sim and Kittel, 1991). In contrast to other CNS regions, these axons
readily cross the PNS-CNS transition zone even in the adult and successfully grow within
a CNS environment (Barber, 1982; Doucette, 1990, 1991; Graziadei and Monti
Graziadei, 1978b). A feature of the axonal growth-permissive olfactory system that
distinguishes it from the rest of the CNS lies in its unique glial cell population. In
addition to conventional glial cells including astrocytes, oligodendroglia, and microglia,
the olfactory system is endowed with a special type of macroglia, the olfactory
ensheathing cells (OECs) (Doucette 1984, 1990). It is generally believed that the OECs
are a central mechanism underlying the successful growth of ORC axons into and within
the CNS of adult mammals (Doucette, 1990, 1991, 1993a,b; Ramon-Cueto and Valverde,
1995; Valverde and Lopez-Mascaraque 1991; Ramon-Cueto and Avila, 1998).
OECs are thought to originate from the olfactory placode along with the ORCs
instead of from the neural tube like the other glial cell types (Liu et al., 1995). They are
found exclusively within the olfactory epithelium and OB, where they exhibit both
astrocyte-specific and Schwann cell-specific phenotypic features (for review see RamonCueto and Avila, 1998). That is, like astrocytes, the OECs contain CNS type GFAP in
their intermediate filaments and form part of the glia limitans of the OB, a role played by
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astrocytes in all other areas of the mammalian brain. At the same time, the OECs, like
Schwann cells, possess the Ll/Ng-CAM cell adhesion molecule as well as the low
affinity nerve growth factor receptor in their plasma membranes. They exclusively
envelop the ORC axons within both the PNS and CNS portions of the primary olfactory
pathway, form the glia limitans at the nerve entry zone, and accompany the axon fascicles
to their entrance into the glomeruli (Doucette, 1990, 1991, 1993a,b; Ramon-Cueto and
Valverde, 1995; Valverde and Lopez-Mascaraque, 1991). This differs dramatically from
the typical entrance of other primary sensory axons into the CNS where an abrupt change
at the PNS-CNS junction from Schwann cell envelopment to either an astrocyte or
oligodendrocyte envelopment is seen.
Several groups have been interested in the immunocytochemical profile of the
OECs, in order to try to understand how their expression of various cytoskeletal proteins,
neurotrophic factors, and plasma membrane molecules may contribute to their unique
properties. OECs express growth- and neurite-promoting factors such as platelet-derived
growth factor (Kott et al., 1994), neuropeptide Y (Ubink et al., 1994; Ubink and Hokfelt,
2000), protein SI00 (Cummings and Brunjes, 1995; Franceschini and Barnett, 1996;
Gong et al., 1996) as well as glia-derived nexin (Reinhard et al., 1988; Treloar et al.,
1999) and low affinity nerve growth factor p75 (Gong et al., 1994; Vickland et al., 1991;
Treloar et al., 1999). Extracellular matrix and cell adhesion molecules (CAMs) thought
to be involved in axonal growth and guidance such as NCAM, laminin, and tenascin are
also expressed in the ONL of the OB where OECs are found (Franceschini and Barnett,
1996; Doucette, 1996; Kafitz and Greer, 1998). Recently, several groups have also found
that transplanted OECs can restore axonal conduction and promote axonal regeneration in
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transected spinal cords (Imaizumi et al., 1998, 2000; Ramon-Cueto et al, 1998, 2000; Li
et al., 1997, 1998).

Statement of purpose and hypothesis
The purpose of the study is to explore the organization of axonal and glial cell
processes in the ONL of the adult mouse olfactory system. In order to mediate both
growth of ORC axons in the ONL and their reorganization into glomeruli-specific
fascicles, we speculate that the processes of glial cells, in particular ensheathing cells, are
organized differentially across the sublaminae of the ONL. To pursue this hypothesis we
have employed immunocytochemistry and a panel of antibodies with confocal
microscopy to characterize the glial and axonal organization of the ONL. Specifically,
we have used antibodies to the low affinity nerve growth factor receptor p75 (p75), glial
fibrillary acidic protein (GFAP), and S-100 to identify glia and olfactory marker protein
(OMP) and neuronal cell adhesion molecule (NCAM) to identify ORC. Ultrastructural
studies with electron microscopy have served to further relate the organization of glial
processes to axon fascicle formation and glomerular targeting.
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Methods
Animals
For immunocytochemistry, adult CD1 mice (n = 6; Charles River, Wilmington,
MA) were anesthetized with lOOmg/kg of sodium pentobarbital (Nembutal) and perfused
through the heart with 4% paraformaldehyde in 0.1M phosphate buffered saline (PBS).
The brains were removed and the OBs were dissected out and immersed in the fixative
overnight at 4°C. Following a 2 hour rinse with PBS, they were cryoprotected in 30%
sucrose overnight. The OBs were frozen over dry ice in 100% ethanol and coronally
sectioned at 30pm in a cryostat (Reichert-Jung).
For electron microscopy, adult CD1 mice (n = 2) were anesthetized as above and
perfused through the heart with 0.1M PBS followed by 4% paraformaldehyde and 2%
glutaraldehyde in 0.1 M PBS. The brains were left in situ at 4°C for 1 hour and then the
OBs were dissected out and immersed in the fixative overnight at 4°C. The OBs were cut
coronally at 100pm in a vibratome (Pelco series 1000) prior to further processing (see
below).
Immunocytochemistry
Sections were mounted on slides coated with 2% gelatin and 0.1% chromium,
air-dried, and pre-incubated with 2% bovine serum albumin (BSA; Sigma, St. Louis,
MO) and 0.3% Triton X-100 in Tris-buffered saline (TBS; pH 7.4) for 30 minutes at
room temperature to block non-specific binding. They were then reacted with one or two
of the following antibodies sequentially: 1) rat anti-glial fibrillary acidic protein (antiGFAP; 1:100; Calbiochem, La Jolla, CA) overnight at 4°C; 2) mouse anti-SlOO (1:100,
Sigma) 2 hours at room temperature; 3) rabbit anti-p75 low affinity nerve growth factor
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receptor (1:200, Chemicon, Temecula, CA) 2 hours at room temperature; 4) goat anti¬
olfactory marker protein (anti-OMP; 1:500; generously provided by Dr. Frank Margolis)
48 hours at 4°C; and 5) mouse anti-NCAM (1:500, Sigma) 2 hours at room temperature.
Dilutions were made with 2% BSA and 0.3% Triton X-100 in TBS. Tissue sections
reacted with a combination of two primary antibodies required the following
modifications: the p75 and SI00 antibodies were diluted at 1:500 when sections were
double labeled with anti-GFAP. Anti-GFAP was diluted at 1:250 when double staining
with anti-OMP.
After three 5 minute rinses with 0.3% Triton X-100 in TBS, the sections were
incubated with the appropriate fluorescein-isothiocyanate (FITC)- or biotin- conjugated
secondary antibodies at a concentration of 1 TOO for 1 hour at room temperature. They
included biotinylated anti-rat IgG (Vector Labs, Burlingame, CA), anti-mouse IgGi-FITC
(Pharmingen, San Diego, CA), anti-rabbit IgG-FITC (Vector Labs), anti-goat IgG-FITC
(Vector Labs), and anti-mouse IgGi-FITC (Pharmingen). Tissue sections incubated with
FITC-conjugated secondary antibodies were rinsed twice for 5 minutes each with 0.3%
Triton X-100 in TBS and once for 5 minutes with TBS, and coverslipped with
Vectashield (Vector Labs). Tissue sections incubated with biotinylated secondary
antibodies were rinsed three times for 5 minutes each with 0.3% Triton X-100 in TBS,
followed by incubation with extravidin-trirhodamine-isothiocyanate (EA-TRITC)conjugated tertiary antibody (Sigma) for 1 hour at room temperature. They were then
rinsed twice for 5 minutes each with 0.3% Triton X-100 in TBS and once for 5 minutes
with TBS, and coverslipped with Vectashield. For sections processed sequentially for
two primary antibodies, appropriate biotinylated IgG was used with EA-TRITC tertiary
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antibody for one of the primary antibody pair while the other primary is labeled with
FITC-conjugated secondary antibody.
Confocal microscopy
All tissue sections were assessed using a BioRad 600 MRC scanning confocal
krypton-argon laser (BioRad Inc., Hercules, CA) mounted on an Olympus microscope
(IMT2; Olympus, Tokyo, Japan). Optimal images were acquired with thin (<lpm)
optical sections averaged over 5 scans using the Kalman filter. When necessary a z-series
reconstruction was performed which included up to 20 optical sections. Images were
processed on a Power Macintosh (Apple Computers, Cupertino, CA) using Adobe
Photoshop (version 5.1; Adobe Systems, Mountain View, CA) to equalize image
brightness and contrast across panels only. Final images were printed with a Codonix
1600M color printer (Codonix Inc., Akron, OH).
Electron microscopy
Electron microscopy protocols followed those previously described (Greer and
Halasz, 1987; Kasowski et ah, 1999). The 100pm sections were washed three times for
10 minutes each with 0.1M PBS and then osmicated with 2% osmium tetrachloride for 1
hour. After a series of graded alcohol washes with 50% ethanol (EtOH) for 10 minutes
and 70% EtOH for 10 minutes, they were stained en bloc with 1% uranyl acetate in 70%
EtOH for 1 hour. The sections were further rinsed with 70% EtOH for 10 minutes, 90%
EtOH for 20 minutes, and 100% EtOH three times for 15 minutes each. Next, they were
rinsed twice with propylene oxide for 5 minutes each. The sections were then put in a 1:1
propylene oxide/Epon 812 (Epon) mixture on a shaker overnight. The following day, the
sections were infiltrated with fresh Epon for 2 hours, flat embedded in fresh Epon onto
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quick-release-coated slides (Hobby Time Mold Parting Compound; Electron Microscopy
Sciences, Ft. Washington, PA), coverslipped with quick-release-coated coverslips, and
polymerized in a 60°C oven overnight. Slides were examined with a light microscope,
and areas of the Epon film containing OB tissue with a good stretch of intact ONL were
cut out and remounted on Epon blocks and polymerized for 48 hours prior to thin
sectioning. Silver sections (70-100nm) were cut with a Reichert-Jung ultramicrotome,
and mounted on slotted grids (2mm X 1mm) covered with Formvar (0.5% in ethylene
dichloride). The grids were post-stained with 1% lead citrate for 1.5 minutes, and
examined using a JEOL 1200 EXII 120kV transmission electron microscope (Peabody,
MA).
Electron micrographs were captured at a primary magnification of 3,000X and
6,000X, with final working magnifications of 7,500X and 15,000X after printing. The
individual electron photomicrographs were combined to make a montage that spanned
the entire thickness of the ONL and proximal portions of the GL in cross section.
Morphological analyses
To assess the area (pm2) occupied by ORC axonal processes and glial cell
processes within the ONL and the diameter (pm) of these processes, the glial areas,
distinguished from axonal areas due to their relative electron lucidity, were outlined in
■
■
.
*)
pen. Grid analysis (Greer and Halasz, 1987) was employed to establish the area (pm )
taken up by axonal processes, glial processes, or unidentified structures beginning from
the edge of the OB where olfactory nerves enter to form the ONL up to the GL where the
synaptic neuropil of glomeruli could be distinguished. To randomly determine the
diameter of glial and axonal processes, a random number table was used to generate
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points of intersection in the grid. The underlying axons and glial processes were then
measured for cross-sectional diameter (pm).
Division of Labor
Dr. Charles A. Greer’s technical staff assisted in the animal perfusion and was
responsible for preparing the tissue for electron microscopy. 1 performed all other tissue
preparation, staining, and analyses as presented here.
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Results
This study focused on the organization of glia and axons within the ONL of the
adult mouse. We began with confocal microscopy by using antibodies to GFAP, low
affinity nerve growth factor receptor p75, and SI00 to identify glia and OMP and NCAM
to identify ORC axons. The results support the hypothesis of a sublaminar organization
of processes within the ONL that is likely to reflect mechanisms involved in both axon
extension as well as targeting of glomeruli.
GFAP immunoreactivity, which labels the intermediate filaments of glial
processes, was not uniform across the outer (ONLo) and inner (ONLi) olfactory nerve
layer of the OB (Fig. 2A). Immunoreactivity to GFAP was highest in the GL and
ONLi/GL boundary. Within the ONLi/GL boundary, GFAP+ processes were seen
running parallel to the OB layers, with oblique processes about to enter glomeruli. The
processes at the ONLi/GL interface were quite heterogeneous and tortuous in their
orientation. In the GL, GFAP+ processes also delineated individual glomeruli with the
most intense staining noted around the periphery of glomeruli. Immunoreactivity for
GFAP was very low in the ONLo and ONLi, although processes that were lightly GFAP+
were detected. The orientation of these processes was variable.
Immunoreactivity for p75, which marks ensheathing cells, was heterogeneous in
the ONL (Fig. 2B). Staining was most intense in the ONLo, as evidenced by the
numerous fine p75+ ensheathing cell processes seen within this sublamina. These
processes exhibited a relatively uniform orientation running parallel to the layers of the
OB. Compared to the ONLo, the ONLi and GL had sharply diminished
immunoreactivity for p75; individual processes immunoreactive to p75 could not be
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Figure 2

GFAP (A), low affinity nerve growth factor receptor p75 (B), and SI00

(C) immunoreactivity in the outermost laminae of the OB. (A) GFAP^ processes are
sparse in the ONLo but increase in the deepest part of the ONLi, adjacent to the GL.
GFAP+ processes are abundant in and surrounding glomeruli. (B) p75 activity is most
prominent in the ON and ONLo with sharply diminished expression in the ONLi and GL.
(C) S100+ processes and somata are uniformly distributed throughout the entire ONL and
GL. Abbreviations: OB, olfactory bulb; ONL, olfactory nerve layer; ONLo, outer nerve
layer; ONLi, inner nerve layer; GL, glomerular layer. Scale bar = 50 pm.
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detected in these deeper sublaminae. The most parsimonious conclusion is that this was
due to the absence of ensheathing cell processes in the ONLi and GL. Labeling for p75
was also evident in the ON fascicles, which were cut in cross sections as they approached
the ONLo of the OB.
S-100 immunoreactivity was found throughout the ONLi and ONLo as well as the
GL (Fig. 2C). Compared to the heterogenous staining patterns exhibited by GFAP and
p75, S-100 immunoreactivity remained constant throughout the entire ONL. Similar to
the p75+ processes, the S-100+ glial processes were fine and oriented parallel to the OB
layers. The small focal areas of highly intense immunoreactivity were likely to be glia
somata, which were scattered along the parallel processes. The individual glomeruli in
the GL exhibited a more diffuse pattern of S-100 immunoreactivity as well as some fine
processes.
Double labeling with p75 (green) and NCAM (red) illustrated the close
association between the p75+ OECs and the NCAM+ olfactory axons in the ON and the
ONLo (Fig. 3A). The superpositioning of OEC processes and ORC axons led to the
yellow labeling seen in the ON. This diminished as the expression of p75 was
downregulated beginning in the ONLo and was then lost in the ONLi (cf. Fig. 2B)
In contrast to the sublaminar organization seen with p75, double labeling with S100 (green) and OMP (red) illustrated a more uniform staining of fine S-100+ glial
processes in the ONLo and ONLi that accompanied the OMP+ axon fascicles (Fig. 3B).
These glial processes were seen in close association with the axon fascicles, as well as
delineating them. ONs cut in cross section were also marked by S100+ processes as they
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Figure 3

Double labeling with glial and axonal markers in the outermost laminae of

the OB. (A) p75+ (green) ensheathing cells are closely associated with NCAMf (red)
olfactory axons in the ON and ONLo only. The apparent colocalization in the ON is due
to the superpositioning of labeled processes and not colocalization within processes. (B)
S100+ (green) glial processes and somata are uniformly stained in the ONLo and ONLi
and they accompany the OMP+ (red) axon fascicles to the GL. (C) A population of glial
cells that are S100+ (green) but not GFAP+ (red) can be idenitifed in the ONLo and
ONLi. Arrow shows colocalization (yellow) at the beginning of glial processes that
extend from glial somata in the GL. (D) SI00 (green) staining is seen throughout the
ONLo and ONLi but p75 (red) immunoreactivity is restricted to the ON and ONLo.
There is some colocalization (yellow) in the ONLo, but it is not uniformly observed.
Abbreviations: OB, olfactory bulb; ON, olfactory nerve; ONLo, outer nerve layer; ONLi,
inner nerve layer; GL, glomerular layer. Scale bar = 50 pm.
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approached the ONL. In the GL, S-100 immunoreactivity was still evident, although it
lacked the parallel organization of processes seen in the ONL. The abrupt turn of GFAPdelineated axon fascicles into their taget glomeruli could not be seen. Overall, there was
no colocalization between the 2 markers.
Double labeling with GFAP (red) and S-100 (green) showed that there was a
population of glial cells not idenitifed with GFAP immunoreactivity (Fig. 3C). Whereas
S-100+ staining was observed throughout the ONLo and ONLi, GFAPf staining was
restricted to the ONLi, the ONLo/GL boundary, and the GL (cf. Fig. 2A). Thus, there
was a population of glial cells that were not identified with GFAP immunoreactivity.
These were found predomintely in the ONLo, although they were noted in the ONLi as
well. S-100+ glial somata were seen in the periphery of glomeruli where they colocalized
with GFAP in their proximal processes (e.g. Fig. 3C, arrows).
Double labeling with S-100 (green) and p75 (red) emphasized the restriction of
p75 immunoreactivity to the ON and the ONLo (Fig. 3D). While S-100 staining was
seen throughout the ONL, p75 was restricted to the ON and the ONLo; p75
immunoreactivity was not evident in the ONLi, the ONLi/GL boundary, or the GL.
Within the ONLo, there was some colocalization of S-100+ and p75+ in glial processes,
but this was not uniformly observed throughout the entire ONL.
Electron microscopy was also carried out to examine the ultrastructural
organization of the ONL. It was known from prior studies that OECs exhibit stereotyped
morphologies at the ultrastructural level that can be used to distinguish them from other
subpopulations of glial cells and from the neuronal elements of the OB. For example,
OECs have lobulated and indented nuclei that are relatively electron dense, with slightly
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clumped chromatin beneath the nuclear membrane and scanty cytoplasm. Moreover, they
interdigitate with olfactory fascicles and send laminar processes that wrap densely packed
bundles of unmyelinated axons together. Compared with other glial cell types, the
cytoplasm of OECs is more electron dense and their intermediate filaments are not
tighltly bundled together (Doucette, 1990, 1991, 1993a; Ramon-Cueto and Valverde,
1995; Valverde and Lopez-Mascaraque, 1991; Ramon-Cueto and Avila, 1998).
Employing these criteria, we examined montages of electron micrographs spanning the
ONLo and ONLi.
Typical ORC axons in the ONL are shown in transverse sections in Figure 4.
Tightly apposed, the axons were organized into an axon fascicle or mesaxon, which
traveled within the ONL. The individual axons were relatively electron dense, and
contained intracellular organelles such as microtubules, neurofilaments, and mitochondria
(e.g. Fig. 4, asterisks). Two examples of OEC processses interdigitating among the ORC
axons are also seen (arrows).
A typical OEC in the ONLo characteristically exhibited an indented nucleus with
a lobulated appearance and a thin rim of cytoplasm (Figs. 5 and 6). The chromatin inside
of the nucleus had medium electron density and it was relatively uniform except for
immediately below the nuclear membrane where it appeared slightly more condensed.
There were also several scattered clumps around the periphery of the nucleus in which
the chromatin was denser. The OEC characteristically extended several very thin,
elongated, and insinuating processes that enveloped multiple axon fascicles, partitioning
the ONLo into bundles of axon fascicles (e.g. Fig. 6, asterisks). It is important to note
that a single OEC enveloped multiple axon fascicles; in contrast with Schwann cells
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Figure 4

Typical ORC axons (asterisks) in cross section in the ONL. Arrows

denote 2 examples of ensheathing cell processes. Abbreviations: ORC, olfactory receptor
cell; ONL, olfactory nerve layer. Scale bar = 0.2 pm.
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Figure 5

A typical ensheathing cell in the ONLo with its characteristic indented

nucleus and a thin rim of cytoplasm. It sends out several thin and elongated processes to
envelop multiple axon fascicles. Abbreviations: ONLo, outer nerve layer. Scale bar = 1
pm.
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Figure 6

A typical ensheathing cell in the ONLo shown at a higher magnification.

Note the multiple fasciculated axon bundles (asterisks) enveloped by this one ensheathing
cell. Abbreviations: ONLo, outer nerve layer. Scale bar = 0.5 pm.
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which have a 1:1 relationship with a single axon, single OECs are associated with both
multiple axons and multiple fascicles.
Electron microscopy of the ONLi (Fig. 7) showed a different organization of glial
and neuronal cell processes compared to that of the ONLo. Besides the 2 periglomerular
cells, an unidentified glial cell with an ovidal nucleus was seen. This glial cell did not
share the ultrastructural characteristics described above for the OECs. It lacked the
lobulated nucleus and while processes interdigitated among the ORC axons (e.g. Fig. 7,
arrows), they did not envelop subsets of axons to form well defined fascicles as was seen
in the ONLo. In addition, the ORC axons now exhibited a more heterogeneous
orientation as they began to obliquely enter the GL.
Three montages that spanned the width of the ONL were constructed in which the
areas (pm") occupied by axonal and glia processes were measured as well as the crosssectional diameters of individual processes. In a typical montage with a total area of
4,704 pm , axonal processes occupied 3,435 pm , glial processes occupied 863 pm", and
unidentified/other processes occupied 406 pm . These three categories of profiles
accounted, respectively, for 73%, 18%, and 9% of the area examined. The mean (+/S.E.M.) diameter of glial processes was 0.357+/-0.120 pm whereas the mean diameter of
axons was 0.198+/-0.027 pm. There was no evidence of consistent variations in the
diameters of either glial processes or axons across the ONLo and ONLi.
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Figure 7

Electron micrograph of the ONLi reveals a different glial and axonal

organization. The glial cell (G) has an ovoidal nucleus and does not have processes that
clearly envelop nearby axons. The ORC axons are not separated into well delinated
fascicles by enveloping ensheathing cell processes but are more loosely aggregated. An
example of a loose collection of ORC axons (asterisk) that is apposed to interdigitating
glial processes (arrows) is shown. Abbreviations: ONLi, inner nerve layer; PG,
periglomerular cell. Scale bar = 1 pm.
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Discussion
The present study investigated the organization of axonal and glial processes
within the ONL of adult mice OBs by using immunocytochemistry with a panel of
antibodies and confocal and electron microscopy. Our most important finding is that
glial processes, particularly those of the OECs, are not uniformly distributed in the ONL
of the adult mouse olfactory system. Specifically, GFAP+ processes are largely restricted
to the inner sublamina of the ONL, the ONL/GL boundary, and the GL, where they
delineate axon fascicles, run mostly parallel to the plane of the OB layers, and enter the
glomeruli obliquely. In contrast, p75+ processes are largely restricted to the ON and the
outer sublamina of the ONL, where these fine processes also run parallel to the plane of
the OB layers. S-100+ processes and somata are found uniformly throughout the ONL;
the ONLi and ONLo were equivalent in their staining for S-100. Ultrastructural studies
support our immunocytochemical findings and our interpretation that there is a
sublaminar organization of the ONL. Typical OECs with their characteristic lobulated
nuclei and thin cytoplasmic rims are found exclusively in the ONLo of adult mice. These
OECs extend numerous elongated processes that are largely oriented parallel to the OB
layers, and which envelop several bundles of axon fascicles at once. In the ONLi, the
ONLi/GL boundary, and the GL, glia other than OECs are found and the overall
organization of glial and axonal processes becomes much more complex.
Our demonstration of a sublaminar organization of the ONL in mice and a
restriction of ensheathing cells to the outermost portion of the ONL are consistent with
prior reports by Franceschini and Barnett (1996), Astic et al. (1998), and Treloar et al.
(1999), all of whom suggested that the organization across the ONL was not uniform.
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Franceschini and Barnett (1996) suggested that p75 labeling was present only on the
surface of the OB in perinatal rats. S-100 had a broader distribution while GFAP was
restricted to the ONLi/GL border. Astic et al (1998) reported similar findings in rats for
S-100 and moreover, noted that during development the ONLi lagged in its S-100
expression. In the later neonatal period they reported that S-100 expression was weaker
in the ONLi than in the ONLo. Furthermore, they did not find any evidence of p75
staining in the ONLi. More recently, Treloar et al. (1999) and Bailey et al. (1999), in
studying the formation of glomeruli during development in rats, also showed a restriction
of p75+ OECs to the ONLo. In contrast, Valverde et al. (1991) in an ultrastructural
examination of the late postnatal and adult hedgehog olfactory system suggested that
OECs accompany ORC axons as they enter glomeruli. Marin-Padilla and Amieva (1989)
also reported that OECs accompanied ORC axons into the telencephalon up through
embryonic day 13 in mice. Although they concluded that OECs must contribute to the
“cellular envelope of the glomerulus” it is important to note that at embryonic day 13,
protoglomeruli are not typically evident and that most OEC axons remain restricted to the
outermost portion of the presumptive ONL (Treloar et al., 1999; Bailey et al., 1999).
Moreover, Hinds and Hinds (1972) reported that axodendritic afferent synapses were not
detected in the mouse OB prior to embryonic day 14, when only 1 example could be
found. Synapse density did increase appreciably over the next several embryonic days.
These data appear consistent with the notion that glomerular formation, even
protoglomerular formation, must occur later than embryonic day 13 and therefore, that
the associations described by Marin-Padilla and Amieva (1989) may have reflected the
reorganization or sorting of OEC axons in the ONL prior to glomerular induction.
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In the present study we found no evidence of glial cells with an OEC phenotype
in either the ONLi or the ONLi/GL border. It remains unclear why such a species
specific difference may occur as is seen in the difference between hedgehogs and mice.
However, one additional notable difference in the organization of axonal fascicles in the
ONLi of mice, as we found in the current study, and in the hedgehog as reported by
Valverde and Lopez-Mascaraque (1991), is the degree to which mesaxons are encircled
by glial processes in the ONLi. Valverde and colleagues illustrate tight fascicles in the
ONLi (cf. Valerde and Lopez-Mascaraque (1991), Figure 2D) while our current studies in
the mouse reveal a looser organization of axons in the ONLi with little evidence of tight
fasciculation. This difference may be due to variability across species, or might reflect
more fundamental differences in the functional roles of the ONLo versus the ONLi (see
below).
Mombaerts et al. (1996) demonstrated that ORC axons expressing a given odorant
receptor project to only two out of some 1800 glomeruli in the mouse olfactory bulb.
Initially, these ORC axons from the olfactory epithelium form spatially-derived fascicles
that successfully pass through the PNS-CNS transitional zone. After they enter the OB,
these fascicles reorganize extensively within the ONL to form functionally-specific
fascicles that target individual glomeruli. The specific mechanisms that underlie the
targeting of the ORC axons are not fully known but are likely to include the odor receptor
itself as well as a variety of cell surface molecules (for review see Mori et al. 1999).
Similarly, the mechanism that initiates the reorganization of ORC axon fascicles is
unknown; however, our results suggest that reorganization occurs preferentially within
the deeper ONLi rather than the ONLo. At the ultrastructural level, multiple axon
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fascicles, spatially adjacent to one another, are enveloped by the p75f ensheathing cell
processes in the ON and the ONLo. Within fascicles at this level, axons tend to follow
parallel courses. However, as reorganization begins in the ONLi, individual axons and
fascicles lose the well defined OEC envelopment and exhibit orientations that are diverse
and no longer necessarily parallel with the OB laminae. The OEC axons now travel in
the ONLi in a complex manner with many different orientations. Furthermore, in the
ONLi, as axon fascicles are rearranging to approach their synaptic targets, they are now
accompanied more loosely by glial types other than OECs. We hypothesize that while
axonal extension in the ONLo is mediated by OECs, glomerular targeting of axons in the
ONLi does not require OEC involvement. This may also be inferred from our
observation that single OECs envelop many fascicles simultaneously. Similarly, we
predict that along its longitudinal course a fascicle will come into contact with multiple
OECs. Unless OECs are divided into distinct molecular subfamilies, it seems unlikely
that an arrangement such as this would be suitable for the highly precise glomerular
targeting that has become a hallmark of the olfactory pathway.
The molecular substrates that define interactions between growing axons and
OECs are not known. However, Treloar et al. (1997) reported in NCAM knockouts that
ORC axons failed to exit the ONL and did not form normal glomeruli. Similarly, Wang
et al. (1998) showed that deleting specific odor receptors resulted in axons that wandered
aimlessly about the ONL without showing evidence of glomerular targeting. In both
cases, the absence of these very specific gene products may have influenced the
interactions occuring between ORC axons and the OECs.
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The identity of the glia processes in the ONLi remains unclear. They exhibit
neither GFAP nor p75 immunoreactivity, yet they stain positively for S-100. At the
ultrastructural level, these GFAP7p757S-100+ glial cells do not possess any of the typical
characteristics of OECs as mentioned above, but rather, they resemble conventional glial
cell types. Prior in situ and in vitro studies have also suggested that 2 types of glial cells
can be isolated from the ON (Doucette, 1984, 1989; Barnett et al., 1993; Franceschini and
Barnett, 1996; Pixley, 1992, 1996; Ramon-Cueto and Nieto-Sampedro, 1992). Recent
studies of cells dissociated from the ONL and transplanted into the spinal cord have also
suggested that at least 2 subpopulations are present (Li et ah, 1998; Ramon-Cueto et ah,
1998). In general, these 2 subpopulations may relate to the p75+ and PSA-NCAM+ glia
found in the ONLo and the p75' and PSA-NCAM’ glia found in the ONLi of rats
(Franceschini and Barnett, 1996; Ubink and Hokfelt, 2000) and the electron dense
ensheathing cells and electron lucent astrocytes described by Doucette (1984, 1989). Our
results extend these observations in showing the sublaminar organization of p75 staining
in the ONL in mice as well as the differential distribution of the electron dense
ensheathing cells in the ONLo and the electron lucent astrocytes in the ONLi. Based on
these observations, we suggest that ensheathing cells, as defined by the p75+ and electron
dense phenotype, remain restricted to the outermost portion of the ONL and to the ON.
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Figure 1: An overview of the olfactory system circuitry.4
Figure 2: Confocal micrographs of GFAP, low affinity nerve growth factor receptor p75,
and SI 00 immunoreactivity in the outermost laminae of the OB.16
Figure 3: Confocal micrographs of p75/NCAM, SIOO/OMP, S100/GFAP, and S100/p75
double labeled immunoreactivity in the outermost laminae of the OB.19
Figure 4: Electron micrograph of typical ORC axons in cross section in the ONL....23
Figure 5: Electron micrograph of a typical ensheathing cell in the ONLo.25
Figure 6: Electron micrograph of a typical ensheathing cell in the ONLo shown at a
higher magnification.27
Figure 7: Electron micrograph of the ONLi
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